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fibroblasts (TKO) (32) to study the involvement of endocytic pathways in 101 cytomegalovirus maturation. The use of TKO cells over the drug is preferred because 102 adverse side effects of the dynamin inhibitor dynasore cannot be entirely ruled out. The 103 results of this study reveal that dynamin is critical for a late stage of virus maturation. 104
Studies on dynamin function in herpesvirus infection will help us understand the host-105 virus interaction pathways amenable to targeting by conventional small molecules as 106 well as by newer generation nucleotide-based therapeutics (e.g. siRNA, CRISPR/Cas9 107 gRNA, etc.). Targeting dynamin with pharmaceutical compounds has already been 108
shown to have prophylactic potential against several infectious agents (reviewed in 109 was evident at 3-4 days post treatment in western blots (described below) of whole cell 124 lysates. 125 absorbed onto the cells in raw DMEM. Cells were incubated for 1 hour with gentle 147 shaking every 10 mins followed by washing 3X with PBS. Fresh complete medium was 148 added and cells were incubated until the end point. 149 150 Cell Viability Assay. Parental MEF and TKO cells grown on 12 well tissue culture 151 plates were infected with MCMV-K181 at a multiplicity of infection (MOI) of 3.0 or mock-152 infected at confluency. Five hundred µl of fresh complete medium was added to the 153 wells on day 3 and day 6. At the designated time points, media was removed and cells 154 were harvested by trypsinization. Cell viability was determined using trypan blue 155 exclusion on TC20 automated cell counter (BioRad Laboratories, Hercules, CA) 156 following manufacturer's protocol. 157 cells were grown on coverslip-inserts in 24 well tissue culture dishes and infected with 161 an MOI of 3.0 at confluency. At the end point of the experiment, cells were fixed in 3.7% 162 formaldehyde for 10 min and were incubated in 50 mM NH 4 Cl in 1X PBS for 10 min to 163 reduce autofluorescence. This was followed by washing in 1X PBS, incubation in 0.5% 164 Triton X-100 for 20 min to permeabilize the cells and finally washing and incubation with 165 primary and secondary antibodies at 1:1000 dilution in 0.1% bovine serum albumin in 166 1X PBS. Coverslips were retrieved from the wells and were mounted on glass slides 167 with a drop of mounting medium (Gel/Mount, Biomeda, Foster City, CA) and dried 168 overnight before imaging. Images were acquired on an inverted Evos-FL microscope (Thermo Fisher Scientific, Waltham, MA) using 100X objective. Samples for 170 transmission electron microscopy (TEM) were prepared by fixing the cells (MEF) at 171 endpoint in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 h at room 172 temperature. Cells were then washed with the same buffer and postfixed with buffered 173 1.0% osmium tetroxide at room temperature for 1 h. Following several washes with 174 0.1M cacodylate buffer, cells were dehydrated with ethanol, infiltrated, and embedded in 175
Eponate 12 resin (Ted Pella Inc., Redding, CA). Cell culture plates were cracked with a 176 hammer to release the resin after it had solidified, and ultrathin sections (60 to 70 nm) of 177 monolayer cells were cut and counterstained using uranyl acetate and lead citrate. 
MCMV replicates to low titers in dynamin-depleted fibroblasts 206
Dynamin was depleted in engineered MEF by treatment with 4-HT for 48 hours ( Fig 1A) There is a certain possibility that inefficient virus entry in TKO cells, as evidenced by 235 reduced IE1 expression at early times post infection (Fig. 2 ), leads to an overall delayed 236 replication cycle. To probe this further, we performed a full single-step virus growth 237 curve analysis. Parental MEF and TKO cells were either mock-infected or infected with MCMV-K181 at MOI 3.0 and cells and medium were harvested followed by 239 quantification of plaque forming units. As summarized in Figure 3A , viral growth defect 240 in TKO cells was evident as early as 3 days post infection (dpi) and continued up to 7 241 dpi. We performed a cell viability test of mock and MCMV-K181 infected MEF and TKO 242 up to 7 dpi in parallel to rule out the possibility that this growth defect could be due to a 243 viability disadvantage in TKO cells ( Fig 3B) . Uninfected MEF and TKO cells were >95% 244 viable until 5 days in cell culture. At 7 days, TKO cells showed more cell death 245 compared to MEF. During MCMV infection, both TKO and MEF cells showed significant 246 cell death starting at 1 dpi; however, TKO cells showed more resistance to MCMV 247 induced cell-death, especially at 3-and 5-days post infection. 248
249
To probe whether the observed growth defect in TKO cells ( Fig 3A) reflects a defect in 250 virus replication or release from cells, we separated cells and supernatants at different 251 times post infection and evaluated the viral titers ( Fig. 4) . The results indicate significant 252 reduction in both cell and supernatant-associated virus in TKO cells at 3 dpi for both low 253 and high MOI. A similar trend was observed at 6 dpi for low MOI. Interestingly, at high 254 MOI, the supernatant titers for TKO cells were significantly reduced but cell-associated 255 titers were equivalent to MEF cells at 6 dpi. In summary, the data corroborate the 256 results from growth analysis (Fig 1, 3) and protein expression studies ( Fig 2) that virus 257 growth is delayed in TKO cells; however, it also indicates that virus growth in TKO cells 258 catches up with WT-MEF at late time post infection and the growth defect observed at 259 this time is almost entirely due to a defect in virus release. 260
Lack of dynamin does not impair the localization of early and late viral proteins 262
In order to understand the impact of dynamin depletion on virus protein trafficking, we 263 examined the localization of MCMV early and late proteins in MEF and TKO cells at 48 264 hpi by immunofluorescence assay (IFA). MCMV immediate early (IE1; m123) protein 265 was expressed and localized to the nucleus in both parental MEF and TKO cells ( cell types ( Fig 7I) indicating intact nucleocapsid maturation. In contrast, very few virus 296 particles were observed in the cytoplasm of TKO cells (Fig 7G, H) ; however, these 297 particles contained genomic DNA and presence of tegument proteins could be 298 appreciated on the surface of these capsids (Fig 7G inset) . Virus envelopment was not 299 evident in TKO cells. Several enveloping (Fig 7C inset) or enveloped virus particles 300 were present in the cytoplasm of parental MEF (Fig 7C, D) . Another striking difference 301 was the presence of intact Golgi stacks in TKO cells (Fig 7 G, H) , which were 302 fragmented to different degrees in MEF cells (Fig 7 C, D) indicating increased 303 vesiculation. Examination of cytoplasm revealed no virions or partially enveloped 304 particles in TKO cells (Fig 7 G, H, J) in contrast to significant number of virions and 305 enveloping particles in the parental MEF ( Fig. 7 C, D, J) . In summary, the data indicate 306 that cytoplasmic maturation is severely compromised in TKO cells.
Dynasore-treated cells mimic the dynamin knockout phenotype 309
To rule out any unknown peculiarity in TKO cells that may be responsible for the virus 310 maturation defects evident in these cells, we treated wild-type primary MEF with 50 µM 311 of an established dynamin inhibitor (dynasore) and subsequently infected with MCMV-312 K181 to study virus entry and growth. Dynasore is a small molecule that is well 313 established to specifically abolish dynamin activity in cells without an impact on cell 314 viability (31). Dynasore-treatment resulted in a decrease in IE1 gene expression at 4 315 hours post infection but this expression was normalized at 48 hours post infection (Fig  316   8A ) similar to the results obtained for TKO cells (Fig 2) . Analysis of virus growth at low 317 (0.05) and high (3.0) MOI indicated significant differences between dynasore-treated 318 and mock-treated cells ( Fig 8B) . These results also correlate with the results obtained 319 for TKO cells (Fig 1, 3) . Thus, the phenotype we observed in TKO cells is indeed due to 320 the deficiency of dynamin function and is not an aberrant effect of dynamin depletion on 321 a single cell type. unexplored. In the current work, we show that dynamin-mediated endocytic pathways 328 are important for CMV maturation. We utilized recently characterized triple dynamin 329 knockout cells for these studies to provide convincing evidence that these pathways are important at a late stage of CMV life cycle that involves virus morphogenesis, gain of 331 infectivity and egress of mature particles. 332
The current studies were influenced by our earlier studies on HCMV where we 333 utilized laboratory strains that utilize a glycoprotein-mediated fusion mechanism at 334 plasma membrane to enter the cells instead of endocytosis (30). The HCMV entry 335 pathways in different cells types have been studied in detail and it is well known that 336 laboratory strains enter the cells via a pH-independent fusion mechanism at the plasma 337 membrane (38, 39). We used clathrin and dynamin inhibitors in the above study to 338 reveal a role of endocytic processes on HCMV maturation. The data from these studies 339 indicated an impact of pharmacological inhibition of dynamin-clathrin pathways on 340 HCMV maturation; however, virus entry and early gene expression remained intact. To 341 be able to extend the study of virus biology in an appropriate animal model, we utilized 342 an established dynamin-knockout mouse cell model that has been extensively 343 characterized (32, 40, 41) and is free from any side-effects that chemical inhibitors may 344 have on cells. It also provides the ability to test MCMV instead of HCMV, which would 345 be useful for future in vivo studies looking to characterize the effect of endocytic 346 inhibitors in a mouse model of CMV infection. This is important because dynamin 347 inhibitors have already shown a therapeutic potential against several infectious agents 348 (reviewed in (33)). proportions of A, B and C capsid forms (8) were observed in both cell types ( Fig 7I) . 372
Most importantly, the presence of similar numbers of C-capsids (DNA packaged 373 capsids) in two cell types indicate that dynamin did not influence the stages of virus 374 replication up to the point of production of DNA packaged capsids, which go on to 375 become infectious virions. Thus, the defects would either be at the nuclear egress of packaged capsids or at the cytoplasmic stage of virus maturation and egress. Further, a 377 block at nuclear egress was ruled out on the basis of the absence of any large buildup 378 of assembled particles at the inner nuclear membrane in ultrastructural images (Fig 7E,  379   F) . Moreover, a few virus particles were present in the cytoplasm of TKO cells indicating 380 that nuclear egress could not be completely blocked. These cytoplasmic virus particles 381 in TKO cells were mostly unenveloped ( Fig 7G) or appeared to be morphologically 382 abnormal/degrading (Fig 7H, arrowhead) . This is not unusual since an absence of an 383 envelope would ultimately lead to degradation of naked virus particles in the cytoplasm. 384
We saw a similar phenotype of capsids degrading in the cytoplasm of pp150 mutant 385 virus infected cells in our earlier study (37). This degradation happened despite the re-386 localization of viral DNA from the nucleus to the cytoplasm (42). Since viral DNA cannot 387 exit the nucleus independent of virus capsids (and even if it did, it would degrade rapidly 388 due to strong cytoplasmic nucleases), the most convincing explanation is that capsids 389 carry viral DNA to the cytoplasm but are unable to maintain their integrity in the absence 390 of essential inner tegument proteins. 391
Exocytic vesicles and vesicles containing clathrin-coated pits are generated from 392
Golgi fragmentation. Anti-dynamin antibodies have been shown to block the formation 393 of these vesicles in a cell-free assay (43). This vesiculation is restored upon addition of 394 purified dynamin. Thus, it comes as no surprise that dynamin depleted cells have more 395 intact Golgi stacks compared to parental cells when infected by CMV. This vesiculation 396 may contribute significantly to CMV envelopment, which is compromised in dynamin-397 depleted cells. The late virus maturation defect observed in the current study, along with an evident disruption of vAC formation point towards the important role of dynamin-399 mediated vesicular pathways in CMV maturation (Fig 9) . 400
There is little doubt that endosomal systems contribute to the process of 401 herpesvirus maturation; however, examples of specific virus proteins hijacking host 402 endocytic machinery are lacking. A study based on mass spectroscopic analysis of 403 protein interactions in HCMV-infected cells indicated that the tegument protein pp150 404 directly interacts with clathrin (44). pp150 has established roles in virus maturation (37) 405 and it is certainly possible that this pp150-clathrin interaction is functional during virus 406 maturation and egress. More specific interactions of herpesvirus proteins with endocytic 407 systems are likely to be revealed by studying host factors such as dynamin that are 408 important in the late stages of herpesvirus maturation. 
